Abstract-Design and characterization of a flip-chip distributed MEMS transmission line (DMTL) are presented. The concept of using this DMTL as a biosensor is then introduced. Radio frequency experiments on the DMTL loaded with "biosamples" have been conducted using the most accessible materials, namely, deionized water and aqueous solutions of salts. Results show that the reflection coefficient (S 11 ) of the solution-loaded DMTL is very sensitive to the salt concentration of the solution in the low-frequency ranges of 10 MHz-1 GHz and 3-4.5 GHz. At high frequencies, the relative dielectric constant of the biosample can also be quantitatively determined from the impedance of the DMTL.
I. INTRODUCTION

D
IELECTRIC spectroscopy sensors for characterizing biological specimens are increasingly important in research and clinical applications. Current optical-and biochemicalbased detection methods present several drawbacks such as alteration of the biological activity by biochemical reactions or by the fluorescent tags bonded on analyte molecules [1] . Purely electronic sensing techniques provide solutions to this problem, as they can probe a sample without the need for chemical modifications. A successful electronic sensing technique is based on a coplanar waveguide (CPW) sensing platform. Such waveguides have several advantages for biosensors, including compatibility for integration with microfluidic systems due to their single-sided planar configuration. This configuration is most suitable for nondestructive coupling of fluidic dielectric materials [2] . CPWs have been used for constructing many types of biosensors, including a particle counting system [3] , a terahertz Goubau transmission line for bioMEMS [4] , and a CPW gas sensor made of carbon nanotubes [5] . In radio frequency (RF) and microwave fields, there is an important cluster of circuit configurations used as a method to obtain very wide band circuits, named distributed transmission lines. These are basically microwave transmission lines periodically loaded with active or passive electronic components, such as transistors or capacitors. They are mainly used in microwave applications such as amplifiers, oscillators, mixers, multipliers, and phaseshifting circuits. Distributed transmission lines incorporating MEMS have also been realized. Barker and Rebeiz [6] demonstrated a distributed MEMS transmission line (DMTL) phase shifter using MEMS capacitive switches. After their work, much effort has been directed on design, modification, and fabrication of DMTLs [7] - [9] for communication applications. In this paper, we report the application of DMTLs in an electrical biosensing context, which is similar to the way CPWs are used. Accurate quantitative data of the dielectric constant of analytes can be derived using DMTL sensors since the DMTLs often have a precise analytical model which greatly simplifies their design and analysis. Compared with classical CPWs without any periodic capacitive loading, the DMTL offers an opportunity to quantitatively determine the relative dielectric constant by using precise analytical modeling of its characteristic impedance. To the best of our knowledge, applying a DMTL for biosensing applications has not been previously reported. In this paper, we report a DMTL configuration which can be used for biosensing applications. As shown schematically in Fig. 1 , our DMTL consists of two microfabricated structures, the first on an alumina die and the second on a silicon die. Both dies are then joined by flip-chip bonding. The first die is a low-loss CPW designed and fabricated on the alumina substrate. MEMS capacitivetype bridges are formed on the silicon die by through-wafer deep RIE etching which is a common technique for forming suspended MEMS structures. After flip-chip bonding of the dies is completed, four reservoirs, each of around 0.4-nL volume, formed by the side walls of the silicon die and the top surface of the alumina die, are realized for the confinement of biological fluids. In each reservoir, the biological sample and the surface of the CPW line are in direct contact. NaCl solutions of different concentrations were then used to fill the reservoirs. RF measurements of the solution-loaded DMTL 0278-0046/$25.00 © 2009 IEEE were made for demonstrating the concept of the sensing system. In the DMTL structure, the position of the bridges remains fixed and the change of capacitance is due to the presence or absence of the liquid under test. In the next paragraph, the design and fabrication of the flip-chip DMTL is described in detail, after which the low-frequency to microwave-frequency measurements and analysis of the DMTL sensor with fluidic samples are presented.
II. DESIGN AND FABRICATION
In the realization of a flip-chip DMTL, a CPW line is first designed and fabricated on the alumina substrate. The central conductor and the ground planes of the CPW are made from gold using a liftoff microfabrication technique. In the CPW design, the per unit-length capacitance C t and inductance L t of the unloaded CPW transmission line are given by [6] 
where ε eff is the effective dielectric constant of the unloaded CPW transmission line and c is the free-space electromagnetic (EM) wave velocity. The characteristic impedance Z 0 and ε eff are related to the physical dimensions of the CPW and are given by [10] 
where K(k) is the complete elliptic integral of the first kind, t is the thickness of the substrate, and W and L are the center conductor width and total width of the CPW line, respectively, as shown in Fig. 2 . The CPW is designed on an alumina substrate with relative dielectric constant ε r of 9.8. The width of the central conductor (W ) is designed as 50 μm, and the gap between central conductor and ground plane is designed as 21 μm. The Z 0 is calculated to be around 50 Ω using (2)-(5). The silicon MEMS die consists of suspended silicon periodic bridges which are fabricated using the silicon-oninsulator (SOI) multiuser MEMS process from MEMSCAP Inc. [11] . The fabrication process of the bridges is summarized as follows: A SOI wafer is used as the starting substrate, the silicon layer is patterned and etched down to the oxide layer, the substrate is then patterned and etched from the bottom side to the oxide layer, and the oxide layer is removed to form the suspended bridges. The width and spacing between the bridges are designed to be 220 and 540 μm, respectively. Three parallel bridges are fabricated on the SOI die. The silicon die is then flip-chip bonded onto the alumina CPW die using gold bump bonds to form the final DMTL. The separation between the two dies is around 30 μm. The dimension of each of the reservoirs formed is about 2000 μm × 500 μm × 400 μm. Fig. 3 shows the fabrication process steps. A photograph of the fabricated device is shown in Fig. 4 . The CPW line periodically loaded with capacitors can be modeled as a lumped inductance (L t ) and a lumped capacitance (C t ) with a parallel capacitor to ground due to the suspended 
where s is the periodic spacing between the suspended bridges. The Bragg frequency is the frequency at which the characteristic impedance of the DMTL goes to zero, indicating no power transfer. The Bragg frequency is calculated to be 140 GHz. The operation of the DMTL is limited by the Bragg frequency, since the up-state LC resonant frequency of the MEMS bridge is very high [12] . The DMTL structure reported here contains silicon bridges that are larger than 50 μm. Therefore, the classical lumped element assumption does not work properly and a modified equivalent circuit model is used, where the bridges are represented with low-impedance transmission lines [13] . By using the method and equations described in [13] , the equivalent model of the unloaded DMTL has been built, and the simulated S-parameters are shown in Fig. 5 . Moreover, EM simulation has been performed using a software package-EM3DS. In the simulation, the resistivity of the silicon is taken as 1 Ω · cm according to the information from the MEMS foundry. The EM simulation results of S-parameters have also been shown in Fig. 5 for comparison. It is shown in Fig. 5 that both the EM simulation and the transmission line model provide good agreement with the experiment results. 
III. MEASUREMENTS AND ANALYSIS
Microwave measurements of the DMTL biosensors were taken using a vector network analyzer, Agilent N5230A, and a Cascade Microtech 9000 probe station with on-wafer G-S-G probes. A line-reflect-reflect-match impedance standard substrate was used to calibrate the probe station and the vector network analyzer (VNA) before the measurement. The calibrated two-port measurement result of the DMTL without biosamples was obtained; the reflection coefficient S 11 (magnitude) is shown in Fig. 5 . A variety of liquid samples have been tested, including deionized (DI) water and DI water with different amount of NaCl added. Fig. 6(a) shows the device without a liquid sample, Fig. 6(b) shows the device with a liquid sample, and Fig. 6(c) shows a SEM image of the DMTL. One-port and two-port microwave measurements have been taken using the vector network analyzer and the G-S-G probe station. In the one-port measurement, the input RF probe makes contact with one end of the CPW line, and the other end of the CPW line has been left open-circuited. In the two-port measurement, both the input and output RF probes are connected to the two ends of the CPW line. Salt concentrations in water of 0 M (pure DI water), 0.07 M (concentration 1), 0.1 M (concentration 2), 0.2 M (concentration 3), and 0.3 M (concentration 4) have been used. Fig. 7 shows the measured one-port reflection coefficient (S 11 ) magnitude at different concentrations. These aforementioned experiments have been repeated several times, returning similar results.
It is shown in Fig. 7 that the reflection coefficients of the DMTL without the liquid sample and the DMTL with DI water are very close over the low-frequency range of 10 MHz-1 GHz and are very different at high frequencies (> 1 GHz). These observations can be explained based on the following known facts: Features in dielectric spectra-all relating to polarization relaxations-are generally classified as α-, β-, or γ-dispersions [1] . Dielectric spectra for α-, β-, and γ-dispersions have a common form: At low frequencies, the polarization can closely follow the applied electric field, while at high frequencies, applied excitations oscillate too fast for the charges to respond. At low-frequency range (< 1 GHz), as the imaginary part of the dielectric constant (j(σ/ω)) dominates the overall value of the dielectric constant, where σ is the conductivity of the dielectric material and ω is the angular frequency of the travelling wave on the DMTL line, the conductivities of the DI water and air are both very low, leading to a similar behavior at low frequencies. It is also shown in Fig. 7 that S 11 is very sensitive to the NaCl concentrations in the frequency ranges of 10 MHz-1 GHz and 3-4.5 GHz. This can be explained as follows: As soon as the NaCl is added into the DI water, the solution will have free Cl − and Na + ions, causing an increase of the conductivity of the liquid sample and a decrease of S 11 . As the concentration increases, more ions are generated; as a result, the conductivity value of the solution becomes higher. Therefore, the reflection coefficient further reduces as more RF signal is lost in the reservoir section. It is shown in Fig. 7 that S 11 at a frequency range of 3-4.5 GHz is sensitive to the different concentration levels and that there is a notch at around 4 GHz. It is understood that it is due to the increase of the conductivity level. It can be expected to have a similar performance in the multiples of that frequency range. However, the notch does not appear very clearly in 8 GHz (twice of 4 GHz). This is possibly due to the losses of the silicon bridges that are not as conductive as metallic bridges in usual DMTL structures. At high frequency (> 10 GHz), the reflection coefficients of the DMTL without the liquid sample and the DMTL with DI water are very different since the domination of the dielectric constant changes to real part of the dielectric constant, and the relative dielectric constant of water from dc measurements (∼80 at 20
• C [14] ) is much higher than that of air. By using DMTLs, the exact value of the dielectric constant at a highfrequency range (10-40 GHz) can be obtained by using the impedance of a biosample-loaded DMTL. In order to calculate the relative dielectric constant at high frequencies, rewrite (6) , and the C MEMS /s can be expressed as
When there is no fluidic sample in the DMTL reservoir, the dielectric material between MEMS capacitors C MEMS−air is air whose relative dielectric constant is one. C MEMS−air can be calculated using (8) with the measured impedance Z l−air . When the DMTL line is loaded with a fluidic sample, everything inside the MEMS capacitor remains unchanged except that the dielectric material of the MEMS capacitors is now a fluidic material; the MEMS capacitance of this case (C MEMS−sample ) is calculated according to (8) from the measured impedance Z l−sample . Both Z l−air and Z l−sample are extracted from s parameters of the two-port measurements. As the relative dielectric constant of air is taken as one, the relative dielectric constant of the fluidic sample should be the ratio of C MEMS−sample and C MEMS−air and is given by Fig. 8 shows the calculated relative dielectric constant of the DI water and also the NaCl solutions of different concentrations in the frequency range of 10-40 GHz. The calculated dielectric constant of DI water is very close to the results described in [15] . In Fig. 8 , it is expected at high frequencies (> 10 GHz) that the change from DI water to concentration 4 is a small change according to the theory. As mentioned in [16] , the imaginary part of the complex permittivity of the aqueous solutions of NaCl (j(σ/ω)) covers the dielectric contribution at low frequencies. At high frequencies, applied excitations oscillate too fast for the charges to respond; therefore, the real part of the complex permittivity dominates the absolute value. Changing the NaCl concentration theoretically only changes the conductivity that will only affect the permittivity at low frequencies. Fig. 8(b) and (c) shows that the maximum difference between DI water and different concentrations is around 0.1 (0.5%). From these results, it is shown that the values of the relative dielectric constants of different fluidic biosamples can be analytically calculated in a very wide frequency range using the DMTL.
IV. CONCLUSION
In conclusion, a flip-chip DMTL has been applied to realize a dielectric spectroscopy biosensor. The design, modeling, and characterization of the flip-chip DMTL are presented in this paper. The DMTL device consists of two parts: silicon bridges fabricated using SOI foundry process on a silicon die and a lowloss CPW fabricated by a liftoff technique based on an alumina substrate. The flip-chip wafer bonding technique has been used to join these two dies together to form the DMTL line as well as the fluidic sample reservoir. The device was subsequently characterized using an RF VNA and a coplanar probe station. DI water and various salt solutions of different concentrations have been added into the reservoirs of the DMTL to demonstrate the concept of an electronic biosensor. It is clearly shown from the measurement results that in low-frequency ranges (10 MHz-1 GHz, and 3-4.5 GHz), the reflection coefficient S 11 decreases as the concentration increases due to the increase of the conductivity value of the solution. The exact values of the relative dielectric constant of different liquid samples were calculated using measured s parameters. The most attractive characteristic of the DMTL biosensor is that it can offer a method for determining the relative dielectric constant by using simple yet precise analytical method. Future theoretical and experimental work will be carried out in depth to investigate the full characteristics of the DMTL biosensor.
